Abstract. The contribution of CXCL12/CXCR4/CXCR7 axis to cancer progression has been increasingly recognized. However, its role in thyroid cancer development remains unclear. The present study aimed to examine the expression and function of CXCL12 and its receptors in thyroid cancer. The expression of CXCL12/CXCR4/CXCR7 in human tissue specimens of papillary, follicular, medullary, and anaplastic thyroid carcinoma, follicular adenoma, Hashimoto's thyroiditis and nodular goiter were examined by immunohistochemistry using a tissue microarray. CXCR4 and CXCR7 were overexpressed in human thyroid cancer cells K1 by transduction of recombinant lentivirus. The effect of overexpression of CXCR4 and CXCR7 on K1 cell proliferation and invasion and the molecular mechanism underlying the effect were investigated. CXCL12 was exclusively expressed in papillary thyroid carcinoma tissue but absent in other types of thyroid malignancies and benign lesions. CXCR7 was widely expressed in the endothelial cells of all types of malignancy but only occasionally detected in benign lesions. CXCR4 was expressed in 62.5% of papillary thyroid carcinoma tissue specimens and in 30-40% of other types of malignancy, and it was either absent or weakly expressed in benign lesions. CXCL12 stimulated the invasion and migration of K1 cells overexpressing CXCR4, but did not affect K1 cells overexpressing CXCR7. K1 cell proliferation was not affected by overexpression of CXCR4 or CXCR7. Overexpression of CXCR4 in K1 cells significantly increased AKT and ERK phosphorylation and markedly induced the expression and activity of matrix metalloproteinase-2 (MMP-2). Thus, CXCL12 may be an effective diagnostic marker for papillary thyroid carcinoma, and CXCL12/CXCR4/CXCR7 axis may contribute to thyroid cancer development by regulating cancer cell migration and invasion via AKT and ERK signaling and MMP-2 activation.
Introduction
The incidence of thyroid cancer has increased continuously worldwide for the past 3 decades (1,2); particularly, the incidence increases dramatically in Chinese women (3) . Thyroid cancer is ranked the fourth most common cancer among women in urban Beijing in 2012, whereas it was not even in the top 10 cancers in 1999 (3) . Papillary thyroid carcinoma (PTC) exclusively accounts for the increase in the incidence of total thyroid cancer, whereas the incidences of follicular thyroid carcinoma (FTC), medullary thyroid carcinoma (MTC), and anaplastic thyroid carcinoma (ATC) have not changed substantially (2) . The mechanism underlying thyroid cancer progression remains unclear. CXCL12/CXCR4/CXCR7 axis has been found to play a critical role in cancer metastasis and progression in many types of cancer (4) , thus, may also contribute to thyroid cancer progression.
CXCL12, which is also named as stromal cell-derived factor-1 (SDF-1), is a CXC-chemokine and was originally identified from bone marrow stromal cells (5) . In addition to the well-recognized receptor CXCR4 (6,7), CXCR7 has recently been identified as another receptor for CXCL12 (8, 9) . The molecular mechanism underlying the biological effect of CXCL12 is associated with CXCR4-mediated activation of G protein-coupled signaling molecules, including ERK1/2, MAPK, JNK and AKT (10, 11) . The function of CXCR7 remains unclear; some reports suggested that it may be a co-receptor for CXCR4 to enhance CXCL12-mediated G-protein signaling (12, 13) ; others indicated that CXCR7 may behave as a decoy receptor to sequester CXCL12, resulting in a CXCL12 gradient so to facilitate the stimulation of CXCR4-associated downstream signaling (14, 15) . The role of CXCL12/ CXCR4/CXCR7 axis in cancer metastasis and progression has been increasingly recognized in many types of cancer (4) . Both in vitro and in vivo studies have shown that the role of CXCL12/CXCR4 axis in cancer progression is mainly to facilitate metastasis and mobilization of cancer cells (4) .
The protein expression of CXCL12/CXCR4/CXCR7 has been confirmed in multiple human cancers. cancer, CXCR7 expression increases as cancer aggressiveness increases, and CXCL12 level at the preferential metastatic sites, such as the bone, liver, and kidney, were higher than that at non-metastatic tissue (16, 17) . In breast cancer, CXCR4 is highly expressed in cancer tissue but absent in normal breast tissue (18) . Strong CXCR7 expression has been found in tumor-associated blood vessels in breast and lung cancer tissue but not on normal vasculature (19) . In thyroid cancer, the expressions of CXCL12, CXCR4 and CXCR7 have also been detected in cancer tissue (20) (21) (22) (23) . However, the contribution of CXCL12/CXCR4/CXCR7 axis to thyroid cancer progression and the possible CXCR4-mediated signaling pathways in thyroid cancer cells remain unclear. The present study was performed to fill this knowledge gap. The aim of this study was to investigate the expression of CXCL12, CXCR4 and CXCR7 in malignant and benign thyroid lesions and examine the role of CXCR4 and CXCR7 in human thyroid cancer cell proliferation, migration and invasion.
Materials and methods
Tissue specimen. Recombinant lentivirus construction and transduction. Recombinant lentivirus expressing CXCR4 or CXCR7 was constructed using the ViruaPower™ Lentiviral Expression systems (Invitrogen). K1 cells were seeded in 24-well plates at the density of 1x10 5 cells/well and incubated overnight. The culture media were replaced with 2 ml fresh media containing 6 µg/ml polybrene (Sigma, St. Louis, MO, USA) and the recombinant lentivirus, and then the cells were incubated with polybrene and the recombinant lentivirus at 37˚C for 4 h. The media were replaced with 2 ml fresh media and the cells were incubated overnight. Lentivirus transduction efficiency was determined by lentivirus expressing green fluorescent protein (GFP). Apparent GFP expression appeared 48 h after transduction and GFP level reached the peak 72 h after transduction. Thus, K1 cells were cultured for 72 h after transduction with recombinant lentivirus and then used for RT-PCR, proliferation and Transwell invasion assay.
Transwell invasion assay. Cell invasion was determined by using 24-well Transwell invasion chamber (8 µm pore size; Corning, Tewksbury, MA, USA). A total of 200 µl cell suspensions in serum-free media (5x10 4 /well) were added in the upper chambers. The lower chambers were filled with 800 µl DMEM media containing either 10% FBS or 100 ng/ml CXCL12. After incubation for 24 h, the cells on the upper surface of the membrane in the upper chamber were removed by cotton swaps and the cells on the other side of the membrane were fixed with methanol for 30 min, air dried and stained with 0.1% crystal violet solution for 10 min. The penetrated cells were then counted under a microscope. Three to 5 fields were randomly selected on each membrane and the average number of cells was used. The experiment was repeated at least 3 times.
Cell proliferation. Cell proliferation was determined using the Cell Counting kit-8 (CCK-8 kit; Dojindo Laboratories, Kumamoto, Japan). Cells were plated in 96-well plates at a density of 8x10 3 cells/well in 100 µl serum-free media containing 100 ng/ml recombinant CXCL12 (PeproTech, Rocky Hill, NJ, USA) or media containing 10% FBS. The cells were incubated for 24 or 48 h. After incubation, 10 µl of CCK-8 solution was added to each well and incubated at 37˚C for 1-4 h. The media were then removed and the dark blue formazan crystals were dissolved in 150 µl of DMSO. The absorbance at 450 nm was measured in a microplate reader (Corning Costar, Corning, NY, USA, USA). The experiment was repeated independently at least 3 times.
Western blot analysis. Cells (2x10 5 cells/well) were cultured in 6-well plates and incubated at 37˚C until confluency. After being washed twice with ice-cold PBS, the cells were lysed in RIPA buffer (Beyotime Institute of Biotechnology, Haimen, China) containing protease inhibitor cocktail (1:1,000 dilution; Sigma) and phosphatase inhibitor cocktail (1:1,000 dilution; Sigma). The cell lysate was centrifuged at 12,000 x g for 10 min at 4˚C. Protein concentration in the supernatants was determined using a BCA kit (Beyotime Institute of Biotechnology). A total of 30 µg protein extract were separated by SDS-PAGE and transferred to PVDF membranes. The membrane was blocked for 1 h at room temperature in 5% non-fat dry milk in TBST (10 mmol/l Tris, pH 8.0, 165 mmol/l NaCl, 0.05% Tween-20). The membrane was then incubated with the following primary antibodies: rabbit antihuman CXCR4, CXCR7, p-Akt1 (B-1), p-ERK (B-5), β-actin, GAPDH and ERK1/2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at room temperature for 1 h or at 4˚C overnight. After extensive washing, the membrane was incubated with the secondary antibody, goat anti-rabbit IgG conjugated with horseradish peroxidase (Cell Signaling Technology, Danvers, MA, USA), at a dilution of 1:5,000 at room temperature for 1.5 h. Target proteins were visualized using an enhanced chemiluminescence kit (Beyotime Institute of Biotechnology). For quantification, the intensity of protein signal was evaluated using Quantity One system (Bio-Rad Laboratories, Hercules, CA, USA). The experiment was repeated at least 3 times.
Quantitative reverse-transcription polymerase chain reaction. Total RNA was extracted from K1 cells using the RNAiso Plus kit (Takara Bio, Shiga, Japan) according to the manufacturer's instruction. A total of 500 ng total RNA was reverse transcribed to cDNA using the reverse transcriptase M-MLV RT (Takara) and random primers in a 20 µl reaction system. The RT product (1 µl) was used as the template for quantitative PCR (qPCR). The SYBR Premix Ex Taq™ II system (Takara Bio) was used for qPCR reaction. The primer sequences are: MMP-2 forward, 5'-CGACCACAGCCAACTACGAT-3' and reverse, 5'-GTCAGGAGAGGCCCCATAGA-3'; MMP-9 forward, 5'-TCTATGGTCCTCGCCCTGAA-3' and reverse, 5'-CATCGTCCACCGGACTCAAA-3'. The qPCR condition was 95˚C for 2 min and then 40 cycles of 95˚C for 10 sec, 60˚C for 30 sec, and 70˚C for 45 sec. Human β-actin was used as the internal control. The qPCR was performed on the Applied Biosystems 7500 detection system. Cycle threshold (Ct) values for all samples were determined. The ΔΔCt method was used to calculate the expression levels of target genes in experimental groups relative to control group.
Gel zymography. Culture media were mixed with nonreducing loading buffer (4% SDS, 0.25 mmol/l Tris-HCl, 40% glycerol, 0.1% bromophenol blue) at 1:3 ratio, and 15 µl of the mixture was loaded in 10% SDS-PAGE gel containing 1 mg/ml gelatin. After electrophoresis, the gel was washed twice, 45 min each time, in a washing buffer (2.5% Triton X-100, 50 mmol/l Tris-HCl, 5 mmol/l CaCl 2 , 1 µmol/l ZnCl 2 , pH 7.6), and then washed again twice, 20 min each time, in a washing buffer (50 mmol/l Tris-HCl, 5 mmol/l CaCl 2 , 1 µmol/l ZnCl 2 , pH 7.6). The gel was incubated in the reaction buffer (50 mmol/l Tris-HCl, 5 mmol/l CaCl 2 , 1 µmol/l ZnCl 2 , 0.02% Brij-35, pH 7.6) at 37˚C for 42 h, stained with Coomassie blue (0.05% Coomassie blue, 30% methanol, 10% acetate) for 3 h, and de-stained with buffer A (30% methanol and 10% acetate), buffer B (20% methanol and 10% acetate) and buffer C (10% methanol and 5% acetate) for 0.5, 1 h and 2 h, respectively.
Statistical analysis.
Continuous variables are presented as mean ± standard deviation. The statistical analysis was performed using the software SPSS 19.0. The Chi-square test and the Fisher's exact test were used for categorical variables. P-value was 2-sided and P<0.05 was considered statistically significant.
Results
The expression of CXCR4, CXCL12 and CXCR7 in thyroid tissue specimens. The expression of CXCR4, CXCL12 and CXCR7 varied in malignant and benign thyroid tissue specimens. CXCR4 was expressed in 62.5% of PTC specimens and in 30-40% of other types of thyroid malignancy, and benign lesions also expressed CXCR4 (Table I ). The CXCR4 staining signals were diffuse and appeared in the cytoplasm of cancer cells in PTC and ATC specimens, and in HT and NG specimens, CXCR4 was predominantly in follicular cells (Fig. 1A) . The proportion of specimens with positive CXCR4 in PTC with lymph node metastasis (55%) was not significantly different from that (85%) in PTC without lymph node metastasis (Table I) . Notably, 3 cases of CXCR4 positive PTC with lymph node metastasis showed stronger CXCR4 staining in the metastatic lesions than in the primary thyroid cancer tissue (Fig. 1B) . CXCL12 expression was found in 75% of PTC specimens and 10% of FA specimens, but was absent in FTC, MTC, ATC, HT and NG specimens (Table I) . Additionally, the proportion of cases with positive CXCL12 (80%) in PTC with lymph node metastasis was similar to that (70%) in PTC without lymph node metastasis (Table I) . CXCL12 staining signals were in the cytoplasm of cancer cells (Fig. 2A) . These results suggest that papillary thyroid cancer cells may secret CXCL12, but other types of thyroid cancer cells may not. CXCR7 was commonly expressed in malignant thyroid tissue specimens. The proportions of cases with positive CXCR7 in PTC (97.5%), FTC (100%), MTC (100%) and ATC (100%) specimens were significantly higher than those in the benign thyroid specimens, HT (20%) and NG (10%) (All P<0.05; Table I ). The proportion of positive CXCR7 in FA was 80%. Notably, CXCR7 staining signals were mainly located in the blood vessels in thyroid tissue (Fig. 2B) .
Further examination of the staining intensity of the positive specimens revealed that the intensity of CXCR7 staining signals in the benign thyroid tissue specimens (FA, HT and NG) was weak, and different types of thyroid malignancies presented various CXCR7 staining intensity ( Fig. 2 and Table II ). The majority of ATC specimens (90%) showed moderate or strong CXCR7 expression, and for other types of thyroid malignancy, including PTC, FTC and MTC, there was 50-70% of cases with moderate or strong CXCR7 staining (Table II) . CXCR4 expression level was low in benign lesions including FA, HT and NG. There was only one case of moderate or strong CXCR4 staining in the benign lesions (Table II) . All the positive FTC specimens showed weak CXCR4 staining. In PTC, MTC and ATC specimens, the proportions of weak staining were similar to those of moderate or strong staining (Table II) .
Overexpression of CXCR4 or CXCR7 in thyroid cancer cells stimulates K1 cell invasion but does not affect K1 cell proliferation.
The protein levels of CXCR4 (Fig. 3A) and CXCR7 (Fig. 3B) were markedly increased in K1 cells transduced Table II . The intensity of CXCL12, CXCR7 and CXCR4 staining in thyroid tissue specimens. with CXCR4 or CXCR7 recombinant lentivirus. CXCL12 (100 ng/ml) markedly stimulated the invasion of K1 cells overexpressing CXCR4 (K1-CXCR4); the CXCL12-induced K1-CXCR4 invasion was completely blocked by functional neutralizing antibody against CXCR4 (Fig. 4A ). However, CXCL12 had no effects on the invasion of K1 cells overexpressing CXCR7 (K1-CXCR7) (data not shown). In addition, 10% FBS did not induce the invasion of K1-CXCR4 and K1-CXCR7 cells. These results suggest that CXCR4 and CXCR7 may interact with CXCL12 differently in K1 cells. CXCL12 did not stimulate the proliferation of K1-CXCR4 and K1-CXCR7 cells (data not shown). The proliferation rate of K1 cells in media containing 10% FBS was not affected by overexpression of CXCR4 or CXCR7 (Fig. 4B) . Overexpression of CXCR4 and CXCR7 induces K1 cell invasion but has no effect on cell proliferation. (A) Overexpression of CXCR4 increased CXCL12-induced K1 cell invasion. Cells were treated with 100 ng/ml CXCL12 for 24 h. The concentration of control IgG and anti-CXCR4 was 10 µg/ml. The number of cells invaded through the membrane was counted 24 h after incubation with CXCL12. Three to 5 fields were randomly selected on each membrane and the average number of cells was used. The experiment was repeated at least 3 times. (B) Overexpression of CXCR4 or CXCR7 did not affect K1 cell proliferation. Cells were incubated in media containing 10% FBS, and cell growth was determined by using CCK-8 kit.
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Overexpression of CXCR4 or CXCR7 upregulates AKT and ERK phosphorylation and MMP-2 expression and activity.
The phosphorylation levels of both AKT and ERK were significantly increased in K1 cells overexpressing CXCR4 or CXCR7 compared with mock transfected cells (all P<0.05; Fig. 5A ). RT-PCR revealed that overexpression of CXCR4 markedly increased the mRNA expression of matrix metalloproteinase (MMP)-2 in K1 cells by 908.2±10.9-fold compared with K1-mock cells, whereas MMP-9 expression in K1 cells was not affected by CXCR4 or CXCR7 overexpression. Consistently, zymography assay showed that MMP-2 activity was markedly increased in K1-CXCR4 cells compared with parental or mock-transfected K1 cells (Fig. 5B) .
Discussion
In the present study, we found that CXCL12 was exclusively expressed in PTC specimens but was not expressed in benign thyroid specimens and other types of thyroid malignancy, including FTC, MTC and ATC. These findings indicate that CXCL12 may be an effective biomarker for PTC. Consistently,
Chung et al (20) recently demonstrated that CXCL12 was exclusively overexpressed in human PTC regardless of histological subtypes compared with non-cancerous thyroid lesions, and the sensitivity and specificity of using CXCL12 as a diagnostic marker for PTC was 90.8 and 96.8%, respectively (20) . Jung et al (21) also reported that 90% of follicular PTC specimens were positive for CXCL12, whereas only 10.5% of follicular thyroid neoplasm specimens showed positive CXCL12. The results of the present study showed that neither non-cancerous thyroid lesions nor malignancy of FTC, MTC and ATC expressed CXCL12, further supporting the exclusive expression of CXCL12 in PTC and the diagnostic value of CXCL12 for PTC. We found positive CXCL12 and CXCR7 staining in 75 and 97.5% of PTC specimens, respectively. Similarly, Liu et al (22) showed that positive immunohistochemical staining of CXCL12 and CXCR7 in 69.6 and 65.8% of PTC specimens, respectively, and the expression of the ligand and the receptor was positively correlated with lymph node metastasis of PTC. Wagner et al (23) semi-quantitatively measured the immunohistochemical staining intensity of CXCR7 in human PTC specimens and found that PTCs with lymph node metastasis showed high intensity of staining for CXCR7. In contrast, we did not find any correlation of CXCR7 expression or the intensity of CXCR7 expression to PTC lymph node metastasis. The discrepancy may be associated with the facts that antibodies against CXCR7 used in the studies were from different manufacturers and/or minor difference in immunohistochemical staining procedures could result in subtle variation of staining. Thus, the association between CXCR7 expression and PTC lymph node metastasis needs to be further investigated.
To the best of our knowledge, this study is the first demonstrating that CXCR7 was also widely expressed in thyroid malignancy of FTC, MTC and ATC in addition to PTC, and CXCR7 was only weakly expressed in benign thyroid lesions. Notably, the intensity of CXCR7 expression was particularly high in ATC. These results indicate that CXCR7 function may vary in different types of thyroid malignancy. We found that the CXCR7 staining signals were mainly at endothelium of malignant thyroid tissue specimens. Immunohistochemistry of human breast and lung cancer tissue also revealed extensive CXCR7 expression on tumor-associated blood vessels and cancer cells (19) . Thus, CXCR7 may contribute to thyroid cancer development by regulating angiogenesis.
The present study found that CXCR4 was either absent (NG) or expressed weakly in benign lesions (FA and HT) but showed strong expression in PTC, MTC and ATC specimens. De Falco et al (25) showed that CXCR4 was overexpressed in ATC specimens compared with normal thyroid tissue by real-time PCR and immunohistochemistry. Wagner et al (23) found that high CXCR4 expression was significantly associated with large tumor size of PTC specimens. Interestingly, we found that some PTC specimens showed stronger CXCR4 staining in lymph node metastasis than in the primary thyroid cancer tissue. Similarly, Lu et al (24) also showed that higher CXCR4 expression in the lymph node metastatic lesions than in the primary tumor tissues of esophageal squamous cell cancer. These findings indicate that CXCR4 positive thyroid cancer cells may have strong migratory potential. # P<0.05, significant difference between K1-CXCR4 and K1 mock. (B) Zymography assay of MMP activity. Culture media were collected and loaded in SDS-PAGE gel containing 1 mg/ml gelatin. After electrophoresis, the gel was incubated with MMP reaction buffer. The gel was then stained and de-stained. The experiment was repeated 3 times. Representative gel image is presented.
Our results from the in vitro experiments appear to support this hypothesis.
The in vitro experiments in this study showed that CXCL12 induced K1-CXCR4 cell invasion, whereas did not affect the invasion of K1 cells overexpressing CXCR7. These results indicate that CXCR4 and CXCR7 may have distinct function in thyroid cancer cells. CXCL12/CXCR4 axis-mediated migration has been observed in human anaplastic thyroid cancer cells, and CXCL12-induced anaplastic thyroid cancer cell migration is associated with AKT and ERK activation (25, 26) . Similarly, the present study also showed that AKT and ERK phosphorylation was significantly increased in K1 cells overexpressing CXCR4. Thus, CXCL12/CXCR4 axis appears to promote thyroid cancer cell migration by activating AKT and ERK signaling pathways. However, the function of CXCR7 in cancer development remains unclear. CXCR7 alone may not directly trigger the downstream signaling, instead, it may function as a co-receptor for CXCR4 or as a decoy receptor to stimulate or enhance CXCR4-associated downstream signaling (12) (13) (14) (15) . The results of this study appear to support the co-receptor or decoy receptor hypothesis regarding CXCR7 function, because CXCL12 failed to stimulate the invasion of K1 cells overexpressing CXCR7, but significantly induced K1-CXCR4 cell invasion. Levoye et al (12) investigated the cooperation of CXCR4 and CXCR7 in T cells in the presence of CXCL12 found that CXCR7 alone did not trigger the CXCL12-induced downstream signaling events, whereas co-expression of CXCR4 and CXCR7 resulted in CXCR4/CXCR7 heterodimer formation, which regulated CXCL12-promoted chemotaxis.
In addition, this study found that overexpression of CXCR4 markedly induced MMP-2 expression and its activity in K1 cells. The association of CXCL12/CXCR4 axis and MMP-2 activation has been indicated in CXCL12-induced lung alveolar epithelial cell migration. Ghosh et al (27) found that blockade of CXCR4 by the specific antagonist AMD-3100 inhibited epithelial cell migration and decreased MMP-2 activity. Ying et al (28) also suggested that CXCL12/CXCR4 axis might promote pancreatic cancer invasion by activating p38 mitogen-activated protein kinase and upregulating MMP-2 activity. Thus, during thyroid cancer progression, CXCL12 may bind to CXCR4 to activate AKT and ERK signaling pathways, thus, upregulating MMP-2 and ultimately promoting cancer cell migration and invasion. CXCR7 may facilitate or enhance the binding of CXCL12 to CXCR4.
In conclusion, immunohistochemistry revealed that CXCL12 was exclusively expressed in human PTC tissue and CXCR7 was widely expressed in the endothelial cells of PTC, FTC, MTC, ATC and FA tissue specimens, but only occasionally found in HT and NG tissue specimens. CXCR4 was commonly expressed in thyroid cancer, but only weakly expressed in benign thyroid lesions. CXCL12/CXCR4/CXCR7 axis may contribute to thyroid cancer development by regulating cancer cell migration/invasion via AKT and ERK signaling and MMP-2 activation.
